Abstract-In this paper, a legless capsule robot (capsubot) comprised of a sealed external body, an internal body, and a rotational actuator is proposed. The aim of this robot is to move in a two dimensional viscous environment. After the robot is designed and modeled, a four stage angular velocity profile is proposed to move the robot in one direction. In addition, a camera is used to obtain the position of robot in the environment while the orientation and the velocity of robot is estimated with Kalman filter by fusing the IMU, gyro, and the magnetometer sensors. Furthermore, to control the robot a state feedback control is implemented. Finally, experimental results are provided to demonstrate the performance of the robots and proposed algorithms.
I. INTRODUCTION
In recent years, autonomous capsule robots have attracted researchers attention because of advances in mechanical engineering, robotics, and electronics and also their applications in engineering diagnosis, disaster rescue and medical treatment [1] , [2] . Capsule robots (capsubots) fall into two main categories: legged and legless. The robots that fall into the first category have external propulsion mechanism. The main disadvantages of this category are their difficult control in rigorous environment [3] , [4] and their vulnerability because of their unprotected external parts. There are several external propulsion mechanisms in the literature, such as wheeled [5] , legged [6] , [7] , [8] , tracked [9] , [10] and wheel-legged [11] .
The second category (legless robots) have simpler design and structure than legged robots and their movements are based on internal force and friction [12] . They dont have the disadvantages of the legged robots; however, they are mostly underactuated systems and complicated dynamic. Consequently, advanced control algorithm or open loop controllers are needed to control them.
In [4] capsule robots are analyzed and controlled from the underactuated point of view. There exist many different methods to control one dimensional capsubots, such as sliding mode control [13] , optimal control [14] , [15] , [16] model predictive control [17, 18] , and iterative learning control [17] . Furthermore, a seven step motion strategy is presented in [4] for a single dimensional capsule robot.
The approaches stated above only consider one dimensional capsule robots. In this paper, a legless capsule robot for maneuvering in two dimensional viscous environment is proposed. This robot is comprised of an external body, an inner mass, and only one rotational actuator and since it has more than one degree of freedom, it is considered as an underactuated system. The simplicity of the proposed robot makes manufacturing in small sizes feasible. After the robot is designed and modeled, to control the robot, an open loop control law based on a four step angular velocity profile is proposed. The open loop control is used just for one directional movement and is not enough for tracking and maneuvering in the environment. To have a reliable real time control a feedback controller is implemented in this research for proposed capsubot.
In most cases the position and the orientation of robot is required for convenient control. Obtaining position of capsubot is an active research in these years, due to the workspace of capsubots and lack of GPS data. In previous researches, several methods such as fusing inertia sensors, magnetic sensors, and image processing are proposed. Kalman filtering(KF) and AHRS method is widely used in sensor fusion for indoor positioning systems, however, the estimation error increases by time in these methods. To overcome with mentioned issue in this research vision data is combined with inertia sensors to have a precises estimation. To have a trade-off between accuracy and computation costs [18] , in this research Extended Kalman Filter (EKF) is used among different type of nonlinear KF for state estimations. Moreover, due to sinusoidal movement of legless capsubots, we use low pass filter to have smooth position of the robot.
With this introduction the main contributions of this paper can be summarized as follows: -A novel legless capsubot is designed to maneuver in different environments especially in liquid and viscous environment. -A 4 stage profile is proposed for open loop control, and also feedback control is designed for closed loop control of robot.
-To obtain precises estimation of capsubot states, IMU, gyro, magnetometers as well as vision data are fused by EKF.
II. SYSTEM DESCRIPTION AND MODELING
The proposed robot is comprised of a sealed cylindrical body than contains an internal body connected to the center of the robot using a rod and can rotate around the origin. The torque that leads to rotation of the internal object is generated using a motor installed in the center of the robot. Fig. 1(a) shows the configuration of the proposed robot. Derivations of the robots dynamics is discussed in the next section. As mentioned before several study proposed 1-DOF capsubot in this research we introduce a novel method to increase DOF of robot by an inner pendulum like actuator. This novel technique, make system able to maneuver in various environment, and due to its simplicity can be made in totally different sizes.
Before deriving dynamical equations of the robot, one needs to investigate how surface friction acts against the robot rotating around itself to make sure this rotation doesnt have any unpredictable effect of the robots movement. Because the robots body is rigid, its motion in the environment can be divided into translational motion of its center and its rotational motion around itself [19] . Fig.1(b) illustrates the robot that moves with relative velocity v with respect to the environment and angular velocity ω around itself. The velocity of two symmetrical points (with respect to center) of the robots body shown in Fig. 1 are as follows
Using (1) and (2) one can write:
Assuming that the robots body is symmetrical with respect to its center, we have:
In the above equation B is a constant related to the robots shape and size; moreover, the surface friction force applied to the robot only depends on its center relative velocity with respect to the environment. Equation (4) shows that the rotation of the robot doesnt affect the surface friction; as a result, we will only consider the drag force in the rest of the paper because it dominates the effect of the surface friction. After determining how friction acts against the robot, we are ready to find the systems dynamical equations. Fig. 1(c) shows the position of the robot and the internal body with respect to an inertial coordinate system. If we consider the robot and the internal body as a system, the only external force that can create acceleration is the drag force. Using the Newtons second law for the center of mass, we have:
Considering the geometry of the robot, one can write:
Then using (5), (6) it can be shown that: 
III. CONTROL OF CAPSUBOT

A. Open loop Control
Several profile have been proposed before for capsubot, most of them are based on friction-driven system, and the motion is called slip-stick [20] , [21] . To improve the DOF of capsubot, zhang et al. proposed 3-mass actuation capsubot [22] , which is make the robot complicated to design and control especially for small sizes robots. besides the mass spring actuation, in [23] , a pendulum with sinusoidal motion is used to move the capsubot in one direction. Cheng et al. proposed a novel vibration-driven modules to prevent backward motion of capsubots during its movement.
Based on previous works and section(II) we introduce a 4-stage angular velocity profile in actuator to propel the robot toward specific direction. It is really important to note that the algorithm, which will be proposed in this section, can be used to move the robot in any direction; however, we only consider the movement of the robot along the x-axis. The proposed 4-stage profile is presented by table (1) and Fig(2) were ω and K are constant parameters. Figure 2 shows the movement procedure of robot. In first stage fast clockwise rotation of the actuator leads to movement in -x and y directions. A stage 2 slow clockwise rotation of the rod leads to robots movement in x and y directions. In this stage, the robots displacement along the x axis is greater that the backward displacement in stage 1; as a result, the robots total displacement in stage 1 and stage 2 along the x axis is positive. Fast counter clockwise rotation of the actuator leads to movement in -x and -y directions. At the final stage slow counter clockwise rotation of the actuator leads to robots movement in x and -y directions. In this stage, the robots displacement along the x axis is greater that the backward displacement in Stage 3; as a result, the robots total displacement in stage 3 and stage 4 along the x axis is positive. Fig. 2 illustrates the robots position after different stages of the proposed algorithm. As seen in Fig. 2 , the displacement of the robot in y-direction during stages 1&2 is eliminated after stages 3&4. The robots movement in x-direction is a result of the different effect of the drag force during the backward and forward movement. In the backward movement with high velocity, the drag forces magnitude is higher than in low velocity forward movement. This difference leads to movement of the robot along the x-axis.
It is difficult to obtain and control the robot position due to its vibration caused by slip-stick motions. To do so, by low pass filtering the sensory data we can consider the robot movement without high frequency vibrations Fig. 4 . Then we can write the dynamic of capsubot according to fig 5 as follow: where X f is low pass filtered signal of X, V f and α f are obtained through AHRS filter and according (11) α f is related to θ f where actuator rotate around it. Also Kalman filter is used to fuse the vision data (X,Y) by IMU-INS data (α,V ).
IV. CLOSED LOOP CONTROL AND EXPERIMENTAL RESULTS
Since open loop control of capsubot is not enough for practical applications due to disturbances in the environment a closed loop controller can be designed to have a better tracking performance. State feedback controller is widely used for control of mobile robots due to its simplicity and low computation cost. In this section, experimental results are provided to show the effectiveness and performance of the proposed robot in real environment. The implemented robot is shown in Figure 6 , where a 300 mAh and 3.7 V Lithium Ion battery for supply require current DC motor and modules, a L298N driver which have two channel for operating two DC motor (in this project we used one channel for Dc motor), an Arduino Nano to command the motor based on 4-stage profile , a Bluetooth module that can send and receive information from robot to computer and vice versa, a gy-86 10dof module contains ms5611 hmc5883l mpu6050, a dc gear motor with encoder from tt motor company and on-off key for on-off robot are used.
To control the capsubot at first the error dynamic should be considered as follow:ρ
where the error variables can be defined as:
then by this notation the control law is as blow:
As it is depicted in Fig. 7 the capsubot has a acceptable performance in tracking the reference trajectory, however due to the disturbances in liquid environment slight error can be seen during its movements. Generally it can be said that the proposed robot can maneuver in 2-D environment with out any external actuator. And also the proposed AHRS-Kalman filter method can fuse the several sensory and vision data to obtain precises position and orientation of robot.
V. CONCLUSION
A novel capsule robot structure is proposed in this paper where inner actuator run the robot in specific direction. A novel AHRS-Kalman filter is used to fuse the sensory data. Moreover, low pass filter implemented to measured data to eliminate the slip-stick effect in control algorithm. Finally state feedback control method is used to control the robot. Furthermore, experimental results are provided and path tracking of proposed robot and controller is verified.
